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The page— size version of figure 6 was incorrectly prepared for 
reproduction, the corresponding large— size chart enclosed in the hack 
of the report was* however* prepared correctly 

The ordinate label of figure 13 was incorrectly listed nitrogen- 
air ratio instead of oxygen— air ratio 
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TECHNICAL NOTE NO. 1655 


THERMODYNAMIC CHARTS FOR THE COMPUTATION OF FUEL QUANTITY 
REQUIRED FOR CONSTANT-PRESSURE COMBUSTION WITH DILUENTS 


By Donald Bogart, David Okrent 
and L. Richard Turner 


SUMMARY 

Charts are presented for the calculation of the quantity of 
hydrocarbon fuel required in order to attain a specified combustion 
temperature when water, alcohol, water-alcohol mixtures, liquid 
ammonia, liquid carbon dioxide, liquid nitrogen, liquid oxygen, or 
their mixtures are added to air as diluents or refrigerants. The 
ideal combustion process and combustion with incomplete *heat release 
from the primary fuel and from combustible diluents are considered. 
The effect of preheating the mixture of air and diluents and the 
effect of an initial water-vapor content in the combustion air on 
the required fuel quantity are also considered. The charts are 
applicable only to processes in which the final mixture is leaner 
than stoichiometric and at temperatures where dissociation is 
unimportant. A chart is also Included to permit the calculation of 
the stoichiometric ratio of hydrocarbon fuel to air with diluent 
addition. The use of the charts is illustrated by numerical examples. 


INTRODUCTION 

Accurate computation of the quantity of hydrocarbon fuel 
required to attain a specified combustion temperature with various 
diluents or refrigerants added to air is complicated by the varia- 
tion In composition and thermal properties of the fluid Imposed by 
the use of the diluent. A need for such calculation arises, for 
example, in performance analysis of aircraft gas-turbine engines 
when diluents or refrigerants are used to augment the thrust or 
power of the engine. 

Graphical methods of computing ideal constant-pressure mixture 
temperatures for the combustion products of air and hydrocarbon fuels 
or for computing the fuel quantity ideally required to attain a given 
combustion temperature are presented in reference 1. 
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This report presents charts that supplement those of reference 1 
and permit the calculation of the quantity of a hydrocarbon fuel 
required to attain a specified combustion temperature vhen water, 
alcohol, water-alcohol mixtures, liquid ammonia, liquid oarban dioxide, 
liquid nitrogen, liquid oxygen, or combinations of these liquids are 
used’ 'as diluents or refrigerants. ' The Ideal combustion process and 
combustion with Incomplete heat release from the primary fuel and 
from combustible diluents are considered. The use’ of the charts Is 
Illustrated by numerical examples. 

The effect of preheating the mixture of air and diluents and 
the effect of an Initial water-vapor content In the combustion air 
an the required fuel quantity are also considered. The charts are 
applicable only to processes In vhloh the final mixture Is leaner 
than stoichiometric and at temperatures where dissociation Is 
unimportant . 

A graphical method of determinin g the stoichiometric fuel-air 
ratio vith diluent addition Is also presented. 


PRINCIPLES OF CHARTS 

The charts presented herein for diluent addition apply to 
processes In which the final mixture Is leaner than stoichiometric 
and are accurate below those temperatures at which dissociation 
becomes Important, for most calculations, dissociation may be 
neglected at all temperatures below about 3200° B. 

The speclflc-heat data for the gases were taken from refer- 
ences 1 to 9. The thermodynamic properties of the various liquid 
diluents were taken from references 10 to 12. 

The use of complicated subscripts has been partly avoided by 

z 

the use of the notation x from reference 1 to mean the value 

Jy 

of x at z minus the value of x at y. 

The symbols are defined when first used. For the convenience 
of the reader, symbols used more than once are listed In appendix A. 

Ideal combustion. - The lower enthalpy of combustion at constant 
pressure of a liquid fuel h c ^f or of a liquid diluent h*.^ is 
defined as the amount of heat -hg removed during the combustion 
at constant pressure of the fuel or diluent in oxygen when the Initial 
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and final temperatures are equal and the products of combustion are 
all In the gaseous phase. Because of this convention, enthalpies of 
combustion will appear In this report as negative quantities. 


The first law of thermodynamics applied to an ideal constant- 
pressure combustion of a mixture of air, a hydrocarbon fuel, -andean 
diluent for leaner-than-stoichlometric mixtures leads to the following 
equation 




W, 


J T r 


- fh Gtt + (l4d«) -f + d I h* 




- h 0>d = (l+f4d) h b 


Tb 


( 1 ) 


where 

d total diluent-air ratio, (lb/lb air) 

d ' weight of diluent injected into air stream prior to compression 

of mixture, (lb/lb air) 

f total fuel-air ratio, (lb/lb air) 

h a enthalpy of dry air, (Btu/lb air) 

h^ enthalpy of final burned mixture, (Btu/lb mixture) 

h<| enthalpy of liquid diluent, (Btu/lb diluent) 

h c d lower enthalpy of combustion of liquid diluent at 540° R, 

’ (Btu/lb diluent) 

h c f lower enthalpy of combustion of liquid fuel at 540° R, 

’ (Btu/lb fuel) 

J mechanical equivalent of heat, (778 ft-lb/Btu) 

T a initial total-air temperature, (°R) 1 

T b total combustion temperature, (°P) 

Tj temperature of diluent as liquid immediately before injection, 

(° 8 ) 

T r reference temperature, 540° R 

W c work of compression on mixture entering compressor, 

(ft-lb/lb mixture) 
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The effects of preheating the fuel have been neglected In equa- 
tion (l) for simplicity of notation. The correction to -h c ^f for 
the liquid fuel introduced to the system at a temperature other than 
the reference temperature of 540° R is small (approximately 
0.5 Btu/(lb)(°R) for fuel in liquid phase). Under ordinary circum- 
stances, partly vaporized fuel would not be used, hence, no portion 
of the fuel is considered to be vaporized. 

A term for energy addition to the mixture or preheating of the 
mixture by any means (1+d') W c /j is included in equation (1), the 
preheating is usually, although not necessarily, accomplished by 
work of compression on the mixture and is referred to in this 
manner 

For leaner-than-stolchlcmetric mixtures, the term (l+f+d)!^ 
is given by 

(l+f4d)h b > ha+f (Fc 0 2 H C02 + ^gO^Hg 0 + F 02 H 02^ 


+ d ^ D 00 2 H C02 + %2°^2° + D 02 E °2 + %2 H ®2^ ^ 

where 

Dy increase per pound of diluent in number of moles of y in 

ultimate burned gas mixture due to addition and combustion 
of diluent, (lb mole/lb diluent) 

Fy Increase per pound of fuel in number of moles of y in 

ultimate burned gas mixture due to addition and combustion 
of fuel, (lb mole/lb fuel) 

ly molal enthalpy of y, (Btu/lb mole) 

y variety of gas, specifically CO 2 , H 2 O, O 2 , and Ng 

The term f(F C o 2 H(x) 2 + F^qH^ + FQgHQg) is equivalent to 
the tern used in reference 1 and 2 

- Am+B 
m+1 
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where 


% 2 0 " 2 ^2 


2.016 


B = 


*002 - % 

12.010 


i 1 d 


m hydrogen- carbon ratio of fuel 


Recent values of atomic weights were used. 

The term ~~ accounts for the difference between the enthalpy 

of carbon dioxide and water vapor in the burned mixture and the 
enthalpy of oxygen removed from the air by their formation. 

> 

The term + % 20 % 2 o + I>o 2 H 0 2 + %2%2^ represents 

the increase In enthalpy of the molecular products resulting from 
the addition and the combustion of the diluent The values of 
Fq 2 Hq 2 and of Do 2 Ho 2 generally are negative. 

If equation (2) is substituted In equation (l) 


-.To 


ha 


(l+d')W c 

- fh c,f + — 7^ + d 


tf ■ *••*) 


ha 


P b ^ 

+ f Am^l 
m+1 


J T, 


d ( D co 2 H c0 2 + d h 2 o h h 2 o + d o 2 h o 2 + ^2^2) 


Upon collection of terms equation (3) becomes 

fb 

ha + $ 


J T. 


f = 


-h, 


Am+B 
m+1 


n*b 


(3) 


( 4 ) 
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r -.t. 


$ - - (1+d') -j - d <( 




*d 


" h c,d 


( d co 2 h co 2 


+ d h 2 o h h 2 o + d o 2 h o 2 



(5) 


The term $ considers all the effects of diluent addition and 
compressor work on the magnitude of the fuel-air ratio Ideally 
required to attain the specified combustion temperature, 4 is a 
function of the kind and amount of diluent used, the initial temper- 
ature and state of the diluent, the compressor work, and the com- 
bustion temperature. 


The denominator of equation (4) contains all the factors that 
depend on the nature of the fuel. The effect of variation of fuel 
characteristics can be computed by correction factors that depend 
only on this denominator. For convenience of chart representation, 
a standard hydrocarbon fuel having a hydrogen-carbon ratio of 0.175 
and a lower enthalpy of combustion of -18,700 Btu per pound was used. 
Correction factors and permit the calculation of the 


required fuel-air ratio for other hydrocarbon fuels, 
the product Is given by 


"|T> 


18 700 75 A-fB 

18,700 l7l75 




^Tv 


-h 


c,f 


Am+B 

m+1 


The value of 


( 6 ) 


A correction factor which permits the calculation of the 

fuel-air ratio required to attain a given combustion temperature 
when the air at the initial temperature contains water vapor, Is 
defined by the relation 


’i 

J r 


( 7 ) 
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vhere b^a is the enthalpy of moist air in Btu per pound of moist 
air The value of is found to be practically Independent of the 
initial temperature T a and therefore can be represented as a 
function only of water- vapor- to-air ratio and of Tj,. The working 
values of have been based on a value of T a of 900° R. 


In terms of equations (4), (6), and (7), the total fuel-air 
ratio ideally required to attain a desired temperature by combustion 
of a mixture of air, hydrocarbon fuel, and diluents is given by 


f 


/ 1 

T b \ 

Vh h a 


1 T b 


18,700 - 


0.175 A+B 


1.175 


j T t 


- ( 8 ) 


= K* K h K* f + Af 


( 9 ) 


where the fuel-air ratio f ' 
addition is given by 


f ' = 


for the standard fuel without diluent 



( 10 ) 


18,700 - 


0.175 A+B 
1.175 


and the increment in fuel-air ratio Af due to diluent addition is 
equal to B^K h f " for any hydrocarbon fuel where the increase in 

fuel-air ratio f" for the standard fuel is 


f" 


$> 


18 700 0.175 A+B 

18 ’ 700 1.175 


Tb 

T- 


( 11 ) 
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Specific expressions for increase in chart fuel-air ratio f " 
due to addition of various diluents are presented in appendix B. 

When the factor Ky is used in the form defined by equation (7), 
all fuel-air ratios and diluent-air ratios must be expressed in units 
of pounds per pound of moist air. Only water occurring as vapor 
at the initial temperature and pressure of the air is considered 
in computing K„, fuel-air ratio, and diluent-air ratio. If the air 
initially contains liquid water, the unevaporated portion of the 
water must be separately treated in the same manner as a diluent or 
refrigerant . 


A liquid-to-dry-air ratio may be computed by multiplying a 
liquld-to-molst-alr ratio by the ratio of mass of moist air to mass 

of dry air (l * ' ret » r 7 ^P° r / ltl *7 alr ) . 


Combustion with Incomplete heat release. - In actual combus- 
tion processes of gas-turbine engines, the heat of combustion of 
fuel and of combustible diluents is never fully released. In turbine 
engines when combustible diluents are injected at the compressor 
inlet, the diluent is distributed throughout the combustion air, as 
a result of this mixing and because only a small part of the total 
air passes through the flame zone, much of the diluent vapor never 
reaches a sufficiently high temperature to promote efficient combus- 
tion 


In order to discuss incomplete heat release quantitatively, a 
basis must be established for an estimate of the enthalpy of the 
products of incomplete combustion. The difference between the 
enthalpy of several possible residual molecules plus the oxygen 
required to bum them and the enthalpy of the corresponding masses 
of molecules of products CO 2 , H2O, and Ng Is later Bhovn to be 
small as compared with the enthalpy of combustion of the assumed 
residual molecules The enthalpy of the products of incomplete 
combustion has accordingly been assumed to be equal to that of the 
completely burned mixture at the actual temperature of the 
incompletely burned mixture. 

A heat-release ratio is defined for the hydrocarbon fuel 
by the heat-balance equation 

T 

hj + $ (12) 
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vhere T to is the actual combustion temperature and f a le the 
actual total fuel-air ratio for the Incompletely turned mixture. 

The heat-balance equation for the Ideal combustion process Is 


*1 





(13) 


vhere is the Ideal fuel-air ratio. 


The ratio of fuel actually required to fuel Ideally required 
Tf from equations (12) and (13) is then 


. Am+B 

m+1 


-I*b 


_ . Am+B 


(14) 


The ratio rf depends only an tlf, the composition of the 
fuel, and the combustion temperature, the ratio Is Independent of 
1^ and $ . 

The value of rf Is found to be practically Independent of 
hjj f and m when tj^ is greater than 0 7, for the lover values 
of (to about 0.5), the quantity rf varies a maximum of 

1 percent for the range of liquid hydrocarbon fuels. The working 
values of rf have therefore been based on the standard fuel. 

Liquid combustible diluents vhether burned or not vlll usually 
be completely vaporized A heat-release ratio for combustible 
diluents is then defined as the fraction of the lover heat of 
combustion of the vaporized diluent -h 0 ^ ' actually released 

actual heat released by vaporized diluent 
"d ° heating value of vaporized diluent supplied 

Any defect in heat release must be compensated for by an 
Increase In primary fuel rate. For any hydrocarbon fuel, the Ideal 
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increment in fuel-air ratio Af is given by lyi^f where the 
increase in fuel -air ratio for the standard fuel f is 



d(l-i) d )(-h c . d ') 


18.700 - — - 1 - 7 - 5 ., * 

' 1 175 


-IT. 


(15) 


Specific equations for f for water-alcohol mixtures and 
ammonia are given in appendix C. 


The total fuel-air ratio actually required to attain a desired 
temperature by combustion of a mixture of air, hydrocarbon fuel, 
and diluents with incomplete heat release considered is given by 


f = Tf^bKyf ’ + Af) 


(16) 


COMBUSTION CHANTS 

Two combustion charts, which are based on equation (4) with 
$ equal to zero, are presented as figures 1 and 2. These two 
charts permit the determination for dry air of the ideal fuel-air 
ratio f ' as a function of the initial temperature and the combus- 
tion temperature, respectively, for a single hydrocarbon fuel 
having a lower enthalpy of combustion of -18,700 Btu per pound and 
a hydrogen-carbon ratio of 0.175. The ideal fuel-air ratio f ' 
for this standard fuel is called the chart fuel-air ratio. 

The fuel correction factors and Kjj and the water-vapor 
correction factor Ky are included as inserts on figures 1 and 2. 
These correction factors permit the calculation of the ideal fuel- 
air ratio for hydrocarbon fuels other than the standard fuel and 
for combustion air that initially contains water vapor. 

The relation between the heat-release ratio and the 
ratio of actual fuel-air ratio to ideal fuel-air ratio rf is 
shown in figure 3. This relation may be used in conjunction with 
figures 1 and 2 to compute the required fuel-air ratio for an 
assigned combustion temperature and heat-release ratio or to 
determine the heat-release ratio from known values of combustion 
temperature, actual fuel-air ratio, and ideal fuel-air ratio. 
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Combustion charts for the determination of the Increase In 
chart fuel-air ratio due to diluent addition f " have been prepared 
from equation (11) for the following diluents: 

(1) eater, ethyl alcohol, methyl alcohol. Isopropyl alcohol, 
and eater-alcohol mixtures 

(2) liquid ammonia 

(3) liquid carbon dioxide 

(4) liquid nitrogen 

(5) liquid oxygen 

The Increase In fuel-air ratio due to incomplete heat release 
of the combustible diluents Is determined by separate charts for 
water -alcohol mixtures and for ammonia. 

Equations from whloh the Increment In fuel-air ratio Af due 
to diluent addition or to incompleteness of diluent combustion Is 
computed are Included an each chart. 


Aloohols and Water as Diluents 


The alcohols and water fora a convenient group because of 
formal chemical similarity and because they are generally used as 
mixtures of alcohols or of water with one or more aloohols. The 
three alcohols commercially available In large quantities are methyl 
aloohol, ethyl alcohol, and Isopropyl aloohol. They may be grouped 
with water by the following formal scheme: 


Isopropyl alcohol 
Ethyl alcohol 
Methyl aloohol 
Water 


(CHgJ^O 

(CH2) 2 H 2 0 

ClgHgO 

h 2 o 


The various alcohols, water, and water-alcohol mixtures only differ 
In the amount of CH 2 radical, thus a mixture of water and aloohols 
can be presented by the average chemical formula (CH 2 )x H 2 0. The 
value of the formula weight of the water-alcohol mixture may 


12 


NACA TN No. 1655 


be expressed either as a function of the mixture characteristic x 
or In terms of the fractions by weight of the mixture constituents. 
In terms of x 


" % 2 ° + X **^2 


(17) 


where 

molecular weight of water 
molecular weight of CHg radical 

When the sum of the weights of constituents of the mixture Is 
taken as unity by definition, the reciprocal formula weight of the 
mixture is given by 

+ + <18) 

where 

W the fraction by weight of each constituent 
M the molecular weight of each constituent 

and subscripts 0, 1. 2, and 3 refer to water, methyl alcohol, ethyl 
alcohol, and isopropyl alcohol, respectively. 

The quantity l/fa^ serves as a parameter of a given mixture 
and may be computed from equation (18) or determined with the aid 
of figure 4, which is a graphical representation of equation (18). 
The determination of l/t^ for a mixture containing equal parts of 
water and of each of the three alcohols (0.25 lb/lb diluent mixture) 
is Illustrated in figure 4 (I^q * 0.0313). 

Ideal combustion. - The increment In fuel-air ratio Af 
required to attain a specified combustion temperature T^ with 
water-alcohol addition to the fuel-air mixture may be calculated 
by the use of figure 5. The water-alcohol mixture is assumed to be 
completely burned. The equations on which figure 5 are based are 
discussed In appendix B. The increase in chart fuel-air ratio f " 
required by water-alcohol addition is proportional to the diluent- 
air ratio d expressed in pounds per pound of air and is 
principally a function of the mixture parameter 1/^, the initial 

temperature and state of the water-aloohol mixture, and the combus- 
tion temperature. The diluent-air ratio d is expressed as pounds 


MHjjO 
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of diluent per pound of air, vhloh may be Initially either dry or 
molet. The principal chart Is exactly correct for mixtures of vater 
and methyl alcohol at an Initial liquid temperature of 540° B, small 
additive corrections to f " must be applied for water-alcohol 
mixtures containing ethyl or Isopropyl alcohols. (See appendix B.) 
When the mixture contains ethyl alcohol or Isopropyl alcohol, the 
required corrections are 8 2 f" 8114 Bjf, respectively, and may 
be found by means of the right Insert an figure 5. If both ethyl 
and Isopropyl alcohols are present, corrections for each alcohol 
are added successively. 

If the diluent mixture Is Initially injeoted as a liquid at a 
temperature other than 540° B, an additional correction B^f " Is 
required This correction depends on the difference between the 
enthalpy of the diluent at Injection temperature and the enthalpy 
of the diluent In the liquid phase at 540° B. A sufficiently accurate 
value of this enthalpy for liquid diluents Is obtained by the assump- 
tion that the specific heat of the three alcohols Is 0.60 and the 
speolflo heat of vater la 1*00 Btu per pound per °B. Hence 

“ T d 

h* « (0.40 W 0 + 0.60) (T d - 540) (19) 

J* r 

vhere W 0 Is the fraction by weight of the water In the mixture of 
diluents. 


*d 


Td 


The correction B^f " may be obtained from a known value of 


with the aid of the left Insert on figure 5. 


The Increase In chart fuel-air ratio required for water- 
alcohol mixture addition for the standard hydrocarbon fuel Is 


(f " + 8 2 f " ♦ B 3 f " + 6 h f") 

and the Increment In fuel-air ratio Af for other hydrocarbon fuels 
Is 


Ka K h (f " + Bgf " + Bjf " + Bjjf ") 

An example Illustrating the use of figure 5 Is given In a sub- 
sequent section. 
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The use of figure 5 for values of 1/^ corresponding to 
mixtures that are composed mostly of water Is subject to same 
Inaccuracy because of the small angles with which the slant lines 
used In the determination of f" Intersect the multiplier scale. 

An enlargement of part of figure 5 In the range of 1/^m from 0.0460 
to 0.0555 (water-alcohol mixtures containing 75 percent or more of 
water) Is presented in figure 6 to Improve the accuraoy In this 
region. Problems of the addition of water-alcohol mixtures containing 
mostly water, and which Ideally require little or no additional fuel 
to maintain a given combustion temperature, are more readily handled 
by figure 6, which Is used In precisely the same manner as figure 5. 

Combustion with Incomplete heat release. - The Increment In 
fuel-air ratio Af due to Incomplete combustion of the water-alcohol 
mixture may be determined from figures 7 and 8 and Is given by 
Km^h * Fifiur© 7 applies to any water-alcohol mixture and Is used 
In conjunction with figure 5, figure 8 applies to water-alcohol 
mixtures containing 75-percent water or more and Is used In conjunc- 
tion with figure 6. 

The Increase In chart fuel -air ratio f over the fuel-air 
ratio Ideally required for water-alcohol mixture addition la a 
function of mixture parameter l/Mjn, diluent -air ratio d, heat- 
release ratio la, and combustion temperature T& (appendix C). 

The small corrections for mixtures of water and alcohol containing 
fractions of ethyl or Isopropyl alcohols and the effect of combustion 
temperature are Incorporated In the top of the ohart. The use of 
figure 7 Is later Illustrated by an example. 


Liquid Ammonia as Diluent 

Ideal combustion. - When dry liquid anmanla Is used as a diluent, 
the Increase In chart fuel-air ratio f " Is proportional to the 
weight of added ammonia In pounds per pound of air d, the fuel-air 
ratio Is a function of the combustion temperature Tb and Is sub- 
stantially Independent of Initial temperature T& (appendix B) . The 
Increment In fuel-air ratio Af , which Is negative for ammonia, may 
be computed by figure 9 and Is given by 

Combustion with Incomplete heat release. - The Increment In 
fuel-air ratio Af due to incomplete combustion of ammonia vapor 
may be calculated by the use of figure 10 and Is given by "ij . 

The lnorease In chart fuel-air ratio f "tj over that Ideally required 
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for ammonia addition la a function of combustion temperature T^, 
diluent -air ratio d, and heat-release ratio (appendix C). An 

example that Illustrates the use of figure 10 Is given later. 


Liquid Carbon Dioxide as Diluent 

The Increment In fuel-air ratio Af resulting from the use of 
liquid carbon dioxide as a diluent may be computed with the aid of 
figure 11. Carbon dioxide exists as a liquid at pressures In excess 
of 5 atmospheres and at temperatures In the range from 391° to 548° B 
The carbon dioxide Is presumed to be stored as a saturated or sub- 
cooled liquid under pressure at a temperature T& and Injected Into 
the combustion-air stream as a liquid, although the ohart is based 
on saturated liquid carbon dioxide, It may be used with accuracy for 
the subcooled liquid except In the vicinity of the critical temper- 
ature (548° B) . For convenience, a scale of saturation pressure Is 
Included In figure 11. Use of nonsaturated mixtures of liquid and 
vapor were considered Impractical because of the difficulty of 
controlling rate of discharge and economy of storage space. 

For carbon dioxide, f " Is always positive, is a function of 
Td and Tfe, and Is proportional to the weight of carbon dioxide 
In pounds per pound of air d (appendix B) . The fuel-air-ratio 
increments Af for liquid carbon dioxide addition Is K^Kjjf". The 
use of figure 11 Is Illustrated later by an example. 


Liquid Nitrogen as Diluent 

The Increment in fuel-air ratio Af caused by the use of 
liquid nitrogen as a diluent may be computed by using figure 12. 

For liquid nitrogen, f " is always positive, Is a function of the 
combustion temperature T^, Is proportional to the weight of liquid 
nitrogen In pounds per pound of air d, and Is Independent of 
Initial temperature T<i (appendix B) The fuel-alr-ratlo 
Increment Af for liquid nitrogen addition is K^^f ". 


Liquid Oxygen as Diluent 

The Increment In fuel-air ratio Af caused by the use of 
liquid oxygen as a diluent may be computed by figure 13 For 
liquid oxygen, f" Is a funotlan of Tj,, Is proportional to the 
weight of liquid oxygen In pounds per pound of air d, and Is 
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independent of initial temperature T4 (appendix B) . For liquid 
oxygen, f " la always positive in the range of fuel-air ratio less 
than stoichiometric . The fuel-air-ratio Increment Af for liquid 
oxygen addition is 


Effect of Compressor Work or Preheating of Diluents 

In the case of turbine engines, a part of the diluent frequently 
is added to the air stream ahead of the compressor to reduce the air 
temperature and to increase the compressor pressure ratio. The 
addition of the diluent before compression of the working fluid 
Increases the compressor-work term of equation (l) and thus Increases 
the enthalpy of the working fluid. The effect of compressor work on 
the negative increment in fuel-air ratio Af may be oomputed by 
means of figure 14, which includes the work done by the compressor 
on both air and diluent. The increase in chart fuel-air ratio f " 
is a function of the compressor vork per pound of compressed 
mixture W c , the combustion temperature T5, and the weight of 
diluent per pound of air added before compression d (appendix B) . 
When this correction is applied, the air temperature to be used in 
computing f ' by means of figure 1 is the temperature at a point 
immediately ahead of the diluent Injection. The fuel-air-ratio 
Increment Af for compressor work addition is %K^f The use of 
figure 14 is illustrated later by an example. 


Use of More than One Diluent 

When more than one diluent is used or when work of compression 
is done on the air after diluent addition, all the previous fuel- 
air-rat lo increments Af corresponding to eaoh of the diluents or 
to work addition as indicated by figures 5 to 14 are algebraically 
added. The total fuel-air ratio f is then the algebraic sum of 
K^KhKtff ’ and of all the increments Af multiplied by the ratio rf. 
The equation for f is given by 

f «» r f + Y ** ) (20) 


Calculation of Stoichiometric Fuel -Air Ratio 
with Diluent Addition 

The use of a mixture of diluents containing a combustible 
diluent or an oxidant changes the value of the stolohiometrlo fuel- 
air ratio. The stoichiometric fuel-air ratio of the mixture as a 
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function of the various pertinent dlluent-air ratios Is presented In 
figure 15. (See appendix D for details.) The upper-right part of 
figure 15 Is used for evaluation of the stoichiometric fuel-air ratio 
when water-alcohol mixtures are used. The entire figure le used In 
cases where liquid ammonia and liquid oxygen are separately used, 
used together, or used In combination with water-alcohol mixtures. 

The use of the figure Is illustrated later by examples. 


USE OF COMBUSTION CHARTS WITH DILUENT ADDITION 

The use of the combustion charts with diluent addition Is 
Illustrated by the following examples. The fuel employed In the 
examples has a hydrogen-carbon ratio m of 0.100 and a lower 
enthalpy of combustion h c>f of -18,300 Btu per pound. 

The total fuel-air ratio required to attain a desired combus- 
tion temperature Is given by the following equation* 


f = Tf (lyCfcKyf ’ +2Af) (20) 

Example 1 — Ideal combustion with dry air, no diluent addition - 
The amount of fuel necessary to produce a combustion temperature Tb 
of 2000° B when burned with 1 pound of dry air at an Initial temper- 
ature of 600° R is to be determined. Because the combustion air is 
dry, Ktf is unity, because combustion is Ideal, rf Is unity, and 
because no diluents are added, 2df equals zero. 

For a temperature rise AT of 1400° R and Tb of 2000° R, a 
chart fuel-air ratio f ' of 0.0203 is obtained from figure 2. 

From the Inserts on figure 2 at a Tb of 2000° R, the correc- 
tion factors Kja and are obtained and the total fuel-air ratio 
la calculated from equation (20). For a value of m of 0 100, 

Is 0.9885, for a value of Hq f of -18,300 Btu per pound, 

K h Is 1 023. 

f = KgjKjjf = (0 9885) (1.023) (0.0203) =0.0205 pound per pound dry air 

Example 2 — Ideal combustion with moist air, no diluent addition. 
If the combustion air of the preceding example contains water vapor 
In the amount of 70 grains per pound of dry air, additional fuel is 
required to achieve a Tb of 2000° R. 
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From the insert on figure 2, correction factor 'Ey, corres- 
ponding to 70 grains of water vapor per pound of dry air and a com- 
bustion temperature of 2000° F is 1.0095. The ideal total fuel-air 
ratio is then calculated. 

Ky = 1 . 0095 

f = ' = (0.9885) (1.023) (1.0095) (0.0203) = 0.0207 pound per 

pound moist air 

Example 3 — Calculation of heat-release ratio for Incomplete 
combustion. - If a fuel-air ratio of 0.0225 were experimentally 
required to produce a combustion temperature of 2000° B for the con- 
ditions of the previous example, the ratio of actual fuel-air ratio 
to ideal fuel-air ratio rf is 0.0225/0.0207 or 1.0870. For the 
combustion temperature of 2000° B, the heat-release ratio i)f is 
found from figure 3 to be 0.9240. 

Example 4 — Ideal combustion with water-alcohol mixture addition. 
The addition of 0.08 pound of water-alcohol mixture per pound of moist 
air at a temperature of 500° B to the combustion process of 
example 2 is now considered, both hydrocarbon fuel and diluent are 
assumed to be completely burned. The diluent mixture is composed 
of the following fractions by weight: 

Water, W 0 » 0.50 
Methyl alcohol, W-j_ ■ 0.25 
Ethyl alcohol, Wg » 0.25 

The total fuel-air ratio necessary to obtain a combustion tem- 
perature of 2000° B is to be determined. 

The value of the mixture parameter l/% is 0.0410, as shown 
in figure 4. On figure 5, drop vertically from Tj, of 2000° B and 
i/Mjj of 0,0410 to the base line (line of of 1000° B). From 
this point, draw a line through the point corresponding to a value 
of d of 0.08 to the f " scale, from which f " has a value 
of -0.0176. From the right insert on figure 5 for 0.25 fraction 
by weight of ethyl alcohol and T^ of 2000° B, move to the right 
to a value of d of 0.08, correction Bgf" 18 e l u &l to 0.0008. 
Because no Isopropyl alcohol is added, Bjf" is zero. 

Correction for the water-alcohol mixture Introduced at a tem- 
perature other than 540° B is made from equation (19) and the left 
Insert on figure 5. 
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l Td 

*a 1 

-I 540 


(0.40 W 0 + 0.60) (T d - 540) 


s (0.20 0.60) (500 - 540) = -32 Btu per pound (19) 

From the left Insert on figure 5, for h^ of -32 Btu per pound, 

Tj, of 2000° B, and d of 0.08, 5 h f " is 0.0002. The required 
Increment In fuel-air ratio is 


Af = (f " + 8 2 f " + 8 h f ") 

«= (0.9885) (1.023) (-0.0176 + 0.0008 + 0.0002) 

« -0.0168 pound per pound moist air 
The total fuel-air ratio Is from equation (20) 

{ - ¥hV + Af 
o 0.0207 - 0.0168 

= 0.0039 pound per pound moist air 

Example 5 — Effect of Incomplete heat release for vater-alcohol- 
mlxture addition. - Consider example 4 with a heat-release ratio for 
the hydrocarbon fuel T)f of 0 900 and a heat-release ratio for the 
diluent TJd of 0.500 The total fuel-air ratio for the combustion 
process Is to be determined. 

The fuel -air ratio Ideally required for combustion vlth no 
diluent addition Is 0.0207 from example 2. The required Increment 
in fuel-air ratio Af for the Ideal combustion of the vater-alcohol 
mixture added Is -0 0168 from example 4. Additional Increments In 
fuel-air ratio that must be determined are due to the Incompletely 
burned fuel and the Incompletely burned vater-alcohol mixture. 

For a value of (1-tj^ ) of 0.10 and a of 2000° B, the value 
of Tf Is 1.1175, as found In figure 3. 

For the same vater-alcohol mixture used In the previous example, 
In figure 7, for a value of 1^^ of 0.041, move down parallel to 
the slant lines to a fraction by velght of ethyl alcohol Wj> of 0.25. 
Inasmuch as no Isopropyl alcohol Is present In this mixture, move 


20 


NACA TN No. 1655 


directly dovn to the base line corresponding to a Tj, -value of 3000° R. 
(If isopropyl alcohol Is present In the mixture, the slant lines for 
Isopropyl alcohol are used In the same manner as those for ethyl 
alcohol ) From here, locate the pertinent combustion temperature. 

In this example a of 2000° R, by following the curved guide lines 

and drop to the base line corresponding to a T^ of 1000° R. From 
this point, draw a line through the pertinent value of d(l-T)^), In 
this example with a d value of 0.080 pound per pbund of moist air 
and a diluent heat-release ratio of 0.50, d ( 1— Tlf ) has a value 

of 0.040. The required increase in chart fuel -air ratio is 

then 0.0118. The required Increment in fuel-air ratio due to 
incomplete combustion of the water-alcohol mixture is 

“ = Wn 

= (0.09885) (1.023) (0.0118) 

= 0.0119 pound per pound moist air 

1 

The total fuel-air ratio is from equation (20) : 
f = r f (K^K^Kyf ' + Sdf) 

= 1.1175 [(0.9885) (1.023) (1.0095) (0.0203) -0.0166 + O.OII 9 ] 

= 0.0179 pound per pound moist air (20) 

Example 6 — Effect of incomplete heat release for liquid ammonia 
and liquid carbon dioxide added at compressor inlet. - A mixture of 
1 pound of liquid carbon dioxide "stored at a temperature of 460° R 
and 0.05 pound of liquid ammonia is added to 1 pound of moist air at 
the compressor inlet of a turbojet engine. The inlet air is at 
560° R and contains 140 grains of water vapor per pound of dry air. 

The compressor Increases the enthalpy of the diluent-air mixture 
at the rate of 100 Btu per pound of fluid. The fuel-air ratio 
necessary to produce a combustion temperature of 2360° R when the 
heat-release ratio for the fuel qf is 0.950 and the heat-release 
ratio for the ammonia q,j is 0.50 is to be determined. 

The necessary corrections to the ideal chart fuel-air ratio f ' 
are E^, K^, E*, and rf . Four values of fuel-air-ratio increments 
Af are required for the liquid -ammonia addition with complete com- 
bustion, the Incomplete combustion of ammonia, the liquid carbon 
dioxide addition, and the compressor work input. 
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Frcan figure 1 for a temperature rise AT of 1800° R and an 
Initial temperature of 560° R, a chart fuel -air ratio f ' of 0.0270 
le obtained. The factors % of 0 9885 and of 1.023 are the 
same as before because the same fuel Is used in all the examples. 

From the Insert on figure 1, the correction factor corres- 

ponding to 140 grains of water vapor per pound of dry air and Tj, 
of 2360° R, Is 1.0195 

For a value of (l-ijf) of 0.050 and T& of 2360° R, rf has 

a value of 1 0565 In figure 3. 

For an ammonia addition d of 0.05 pound per pound of air and 

Tj, of 2360° R, f" is equal to -0.0177 pound per pound of air in 

figure 9 The required Increment In fuel-air ratio for complete 
combustion of ammonia Is 

Af = KjjjKjjf " > (0.9885) (1.023) (-0.0177) 

= -0.0179 pound per pound moist air 

For a value of (l-rj^) of 0.50, Tj, of 2360° R, and d of 0.05, 

f has a value of 0.0115 as found In figure 10. The required 
Increment In fuel-air ratio due to Incomplete combustion of ammonia 
Is 


Af = - (0.9885) (1 023) (0.0115) 

= 0.0116 pound per pound moist air 

For a saturated liquid carbon-dioxide temperature of 460° R, 

Tb of 2360° R, and d of 1.00 pound per pound of air, f" is equal 
to 0.0370 as found In figure 11. The required Increment In fuel-air 
ratio Is 


Af = E^K h f" = (0. 9885) (1.023) (0.0370) 

= 0.0374 pound per pound moist air 

For a compressor work Input W c /j of 100 Btu per pound of 
fluid, Tfc of 2360° R, and a mass of diluent added at the com- 
pressor Inlet d' of 1.05 pounds per pound of air, the value of 
f " Is equal to -0.0118 pound per pound of air as found in figure 14 
The required Increment in fuel-air ratio Is 

Af = E^C h f" = (0.9885) (1.023) (-0.118) 

« - 0.0119 pound per pound moist air 
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The total fuel-air ratio required la them c 

f - rftEjjKjjV +S&f) 

• 1.0565 [(0.9885) 1.023) (1.0195) (0.0270) - 0.0179 + 0.0116 + 0.0374 
-0.0119 ■ 0.0498 pound per pound of moist air (20) 

The effects of the addition of liquid ammonia and liquid carbon 
dioxide an the required fuel-air ratio are Independent hut are 
combined In this example to illustrate conveniently the use of the 
charts. The addition of liquid oxygen and liquid nitrogen as diluents 
is handled in the same manner as liquid ammonia In the present example 

Determination of stoichiometric fuel-air ratio with diluent 
addition - The stoichiometric fuel-air ratio for a mixture of air, 
hydrocarbon fuel, and diluents may be determined by means of figure 15 

For example, the determination of the stoichiometric fuel-air 
ratio for 0.08 pound of vater-alcohol mixture having a mixture param- 
eter 1/fya of 0.0410 added to eaoh pound of air for combustion vlth 
a fuel of hydrogen-carbon ratio m of 0.100 is shown in the upper- 
right part of figure 15, the stoichiometric fuel-air ratio is 0.0510. 

If the diluents ammonia and liquid oxygen are individually 
added or added in combination vlth a vater-alcohol mixture, the 
stoichiometric fuel -air ratio is found by the entire figure. For 
example, the determination of the stoichiometric fuel-air ratio for 
a vater-alcohol-to-air ratio d of 0.08, a mixture parameter 1/fofo 
of 0.0410, and ammonia-air ratio d of 0.05, a liquid oxygen-air 
ratio d of 0.10, and a hydrogen-carbon ratio m of 0.100 is shown; 
the stoichiometric fuel -air ratio is 0.060. 


Flight Propulsion Research Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio, March 31, 1948. 
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APPENDIX A 
SYMBOLS 


The following symbols a re used In this report: 

% 2 0 - | ^ 

2.016 

S00 2 - BOg 

12 010 


d 

d' 


f 

Af 


f • 


f" 


increase per pound of diluent In number of moles of y 
In ultimate burned gas mixture due to addition and com 
bustlon of diluent, lb mole/lb diluent 

total dlluent-alr ratio, lb/lb air 

weight of diluent Injected Into air stream prior to 
compression of mixture, lb/^b air 

total fuel-air ratio, lb/lb air 

fuel-air ratio Increment due to diluent addition to fuel 
air mixture, lb/lb air 

chart fuel-air ratio, function of T a and T& only, 
lb/lb air 

increase In chart fuel-air ratio due to dlluert addition 
function of specific diluent mixture, lb/lb air 


f " increase In chart fuel-air ratio due to Incomplete ccm- 

^ bustlon of diluent, Ib/lb air 

& 2 f " correction to f” with use of ethyl alcohol, lb/lb air 

B,f " correction to f" vlth use of Isopropyl alcohol, 

J lb/lb air 

& h f " correction to f" due to Injection of vater-aloohol 

mixture at a temperature other than 540° B, lb/lb air 

Hy molal enthalpy of y, Btu/lb mole 

enthalpy of dry air, Btu/lb air 
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enthalpy of final burned mixture, Btu/lb mixture 

lover enthalpy of combustion of liquid diluent at 540° R, 
Btu/lb diluent 

lover enthalpy of combustion of liquid fuel at 540° R, 
Btu/lb fuel 

enthalpy of liquid diluent, Btu/lb diluent 

mechanical equivalent of heat, 778 ft-lb/Btu 

correction factor to f or f " for change in lover 
enthalpy of combustion of fuel from value of 
18,700 Btu/lb fuel 

correction factor to f ' or f" for change in hydrogen- 
carbon ratio of fuel from value of 0.175 

correction factor to f ’ due to vater vapor in combus- 
tion air 

molecular velght of vater -alcohol mixture, lb /(lb) (mole) 
hydrogen- carbon ratio of fuel 

ratio of actual fuel-air ratio to ideal fuel-air ratio 

initial total-air temperature, °R 

total combustion temperature, °R 

temperature of diluent as liquid immediately before 
injection, °R 

reference temperature, 540° R 

temperature rise in combustion process, °R 

fraction by velght of components of vater-alcohol mixtures 

vork of compression of mixture entering compressor, 
ft -lb/lb mixture 

vater-alcohol mixture characteristic 

variety of gas, specifically CO 2 , HjO, 03 , and N 2 
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$ factor accounting for effects of diluent addition and 

compressor work on Ideal fuel-air ratio 

T)f heat-release ratio for hydrocarbon fuel 

T| d heat-release ratio for combustible diluent 

Subscripts 0, 1, 2, and 3 refer to water, methyl alcohol, 
ethyl alcohol, and Isopropyl alcohol, respectively. 

The atomic weights used are 


Carbon 

12.010 

Hydrogen 

1.008 

Oxygen 

16.000 

Nitrogen 

14 008 
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APPENDIX B 

EXPRESSIONS FOR INCREASE IN CHART FUEL-AIR RATIO 

KJE TO DILUENT ADDITION 

Water-Alcohol Mixtures as Diluent 

The molal lover enthalpies of combustion for the liquid phase 
-Q of vater and of the three alcohols considered are given in the 
following table, the values cited are for a pressure of 1 atmosphere 
and have been evaluated at the reference temperature of 540° R* 


Diluent 

Equivalent Molecular 
formula weight 

-Q 

(Btu/(lb) 
(mole) ) 

Reference 

Water 

HgO 

18.016 

-18,870 

10 

Methyl alcohol 

(CHgJ^O 

32.042 

274,700 

10 

Ethyl alcohol 


46.068 

531,300 

10 

Isopropyl alcohol 

(CH 2 )3H 2 0 

60.094 

786,300 

11 


The general mixture may be represented by the average formula 
(CHg)*!^ 0 * A quantity -Q' is arbitrarily ohosen as a linear 
function of the diluent-mixture characteristic x such that it is 
exactly equal to -Q for mixtures of vater and methyl alcohol 

-Q* » 293,570 x -18,870 (21) 

Because -Q does not vary linearly with x, small corrections 
are required vhen ethyl or isopropyl alcohols are used. 


The gravimetric lover enthalpy of combustion of the mixture 
may be written as a function of lMn from equations (17) and 
( 21 ) 

293.570 x -18,870 

-n _ a B 11 ■' — - T I- - 


= 20,930 - 


395,950 

M_ 


Btu/lb 


( 22 ) 



The net Increase In enthalpy of the combustion gases due to diluent addition and com- 
pressor work is from equation (5) : 


® » - (l+d * ) ^ - d 
«J 


t 


*d 


Td 


" h c,d “ &C0 2 ®COg + ^gO H H2° + ^2 ^2 + ^2 Hk 2^ 


(5) 


The term accounting for compressor work (l+d 1 ) W c /j is considered later in this appendix 


IT, 


The term I h^ 


- h c ^ reduces to -h c ^ when the water-alcohol mixture is introduced to 


the system as a liquid at a temperature T^ equal to the base temperature T r of 540° R, for 
those cases In which the diluent is Introduced as a liquid at a temperature other than 540° R, 
a correction Is to be applied. 

The remaining tern of equation (5) is evaluated by consideration of the combustion reaction 

(CHg) x ®2® g xOg— > xCOg + (1+x) HgO 

The Increase per pound of diluent in the enthalpy of the various species in the ultimate 
gas mixture due to the addition of diluent is then 


(^C0 2 B C0 2 + ^2° %20 +J) 0 2 E 0 2 + % 2 E *z) t j^COg + < 1+x > H HgO ’ f ^g + °jj 


f ( .1 1.2S447 \ ( 1 0.28447\ 3 ( 1 

j\14.026 " % y ^0 2 + ^14.026 " J “HgO " 2 \14.026 


1.28447 


% 


-HJ 


(23) 


t\J 
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CD 


The quantity % 2 H ^2 is zero because the nitrogen oantent of the ultimate gas mixture Is not 
Increased as a result of the water-alcohol -mixture addition. 

The relation for $ (equation (5)) may therefore be expressed only as a function of d, 
Mjjp and Tj, for diluents of mixtures of water and alcohol. 


From equations (5), (11), (22), and (23) 

’p - 1 



The small corrections required when ethyl and Isopropyl alcohols are used are accounted 
for by additive terns Bgf " an< * Bjf ", respectively. For pure ethyl alcohol, equation (21) 
yields a value of -Q' of 568,270 Btu per pound mole. The discrepancy between this value and 
the actual value of -Q Is 36,970 Btu per pound mole. For pure Isopropyl alcohol, the 
discrepancy between the value of -Q' from equation (21) and the actual value Is 75,540 Btu 
per pound mole. 

The corrections are therefore given by 
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W, 


V " 


d 467568 36 ' 9? ° 


18 700 - MZlA+sl 

18,700 1#175 


(25) 


W, 


= 


d 607094 75 ' 540 


iQ 700 - 

18 ' 7 °° 1.175 


Tb 


(26) 


The numerators proportion the error Introduced "by the use of 
the linear expression for -Q (equation (21)) In accordance with 
the fraction by weight of either ethyl or isopropyl alcohols In the 
mixture of diluents. 


Liquid Ammonia as Diluent 

The enthalpy of combustion of liquid ammonia is evaluated to 
be 7500 Btu per pound at a pressure of 1 atmosphere and a tempera- 
ture of 540° H (reference 10) . The combustion reaction and the 
assumption that all the ammonia burns to nitrogen and water yields 

4NH3 + 3O2 — ^ 2Wg + 6H2O 

The Increase per pound of diluent In the enthalpy of the various 
species in the ultimate gas mixture due to the addition of diluent 


Is then 


(% 2 0 H H20 + ^2 ^2 + % ^ 

Tl> - 1 3 jx. 1 H \ 

" 17.032V2 “2® 4 “02 2 “1*2/ 

T r \ J 


(27) 

The expression for ® from equation (5) becomes 



30 


NACA TN No. 1655 


Therefore f " may be written from equation (10) as a function of d 
and Tjj 


JT r 

Ammonia may be stored either as a liquid under elevated pres- 
sures or as a chilled liquid at atmospheric pressure. In either 
case, the variation of the enthalpy of combustion of liquid ammonia 
with storage temperature is small. Hence, addition of liquid 
ammonia as diluent at a temperature other than 540° R Introduces a 
negligible error in the expression for f ". 


(I 


- 7500 ♦ T77032 U % 2 o - I 


f" = 


i \F b " 
+ 2 HN2 ijT r _’ 


-|T> 


(29) 


18,700 - 


0.175 A+B 
1 175 


Liquid Carbon Dioxide as Diluent 

The enthalpy of liquid carbon dioxide relative to the vapor 
at 540° R and 1 atmosphere pressure for various conditions is 
taken from a temperature -entropy diagram for carbon dioxide appearing 

~|T d 

in reference 12 . The value of bj is then a function of the 

JT r 

diluent temperature immediately before injection. Because the most 
feasible arrangement is to store and to inject the carbon dioxide 

lT d 

as a liquid in the completely saturated state 


*1f 

>> bd r 


bee ernes a 


function of the saturation temperature or its concomitant satura- 
tion pressure. 


The expression for f " is then 



iTv 


18 700 0*^5 A+B 

18 ' 700 1.175 


( 30 ) 
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and Is a function of T b , d, and T d or saturation pressure 
Equation (30) accurately applies for use of the liquid carton 
dioxide in the subcooled state except in the vicinity of the critical 
temperature (548° R). 


Liquid Nitrogen and Liquid Oxygen as Diluents 

Enthalpies for liquid nitrogen and liquid oxygen are evaluated 
relative to the vapor at 540° R and 1 atmosphere pressure as the 
sum of the enthalpy of vaporization and the enthalpy difference of 
the diluent vapor at the liquid temperature and 540° F. Enthalpies 
of vaporization for both liquids are taken from reference 10. The 
liquids are generally stored in containers vented to the atmosphere. 
Hence, variations in enthalpy in the liquid phase may be neglected 
because of the small temperature range in which the diluents exist 
as liquids at atmospheric pressure. 


IT 


The enthalpy relative to the vapor at the reference condition 
d 


*d 


is 186 Btu per pound for liquid nitrogen and 175 Btu per 


JT r 

pound for liquid oxygen. 

The expression for f " for nitrogen is then 


f" 



(31) 


for oxygen 


f" = 



(32) 
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Therefore f" is a function of d and T^. 


Effect of Compressor Work or Preheating of Diluents 

The decrease In fuel-air ratio f " associated with the work 
done In any compressor through which 1 pound of air plus d' pounds 
of diluent pass before combustion Is given by the following expression 


f" 


- ( 1+d 1 ) W c /J 


no »»aa 0.175 A+B 

18 ' 700 - TI? T” 


*b 


(33) 


J*r 


Therefore f " Is a function of W c , and T-jj. 
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APPENDIX C 

COMBUSTION WITH INCOMPLETE HEAT RELEASE 

Justification of the assumption that the enthalpy of the actual 
burned products is negligibly different from that of the completely 
burned products for any given fuel -diluent-air mixture and given 
combustion temperature requires a measure of this enthalpy difference. 

For each of the likely products, the difference between the 
enthalpy of the gas having the incompletely burned reactant and the 
enthalpy of the gas at the same temperature but having a composition 
corresponding to complete combustion is small compared with the 
defect in heat release resulting from the presence of the reactant. 

If, for example, normal octane vapor is considered to be present 
in the burned mixture, there will be oxygen present that would not 
exist if the combustion were complete according to the relation 


CqHiq + ~ 2 ~ 03— >8002 + 9 H 20 

At 2700° R, the enthalpy of the left side is 483,130 Btu per 
mole of octane, the enthalpy of the right Bide is 469,650 Btu per 
mole of octane. The enthalpy of the left side is 13,480 Btu per 
mole greater than the right side The molecular weight of octane 
is 114.224, the enthalpy of the products is thus decreased 118 Btu 
per pound of unbumed octane as contrasted with a defect in heat 
release of 19,110 Btu per pound of unbumed ootane. 

The enthalpy of the products minus the enthalpy of the 
reactants expressed as a percentage of the lower heat of combustion 
of the reactant is presented in figure 16 as a function of combus- 
tion temperature for a number of likely reactants, curves are given 
for methane, normal octane, ethyl alcohol, formaldehyde, ethylene, 
ammonia, carbon monoxide, and hydrogen. Data for the hydrocarbons 
were taken from reference 13, data for ethyl alcohol, formaldehyde, 
and ammonia were taken from references 14, 15, and 16, respectively. 

Except for hydrogen, the enthalpy difference generally is 
about 1 percent of the lower heat of combustion, whioh corresponds 
to an error in the calculated value of heat-release ratio of only 
0.1 percent at an Tjf of 0.90. Appreciable concentrations of 
hydrogen will probably not be present so that enthalpy differences 
of 4 to 5 percent of the lower heat of combustion of hydrogen at 
the higher temperature will not affect the general validity of the 
assumption. 
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Water-alcohol mixtures. - The r 'molal lower heats of combustion 
for the vapor phase -q for water and for the three alcohols can- 
sidered are given^in^the ^following at for'a^preasure of 1 atmos- 

phere and a temperature of 540° R: 

\qiatidc3 c dshd fiOl r fT *D, , BBj? ers? lo rollx 3 r!L is -I 
v-To/oCtx^osi ©rfd I'O v r 6ffy rr.rl rwtc'i'ith ^[dtplx^sa el aJs»!C*/rr o^rtnc? 
m, 72^ Cos ©mid&ta -ti ^/lV-2yX n/ \ Wi zsor, jo^q ren-xud - 

i oofEo rslvf ft at da lo e-r.-JBP-.enj a a© j/pjdo'soq:ir i ^c} no^tt?jjd^oo 

fie®i7de-a ©OiWateri-6 odor % &da; Docq irj-eiliiP&il? lo dofoo v>7 
eJ7 joo iMethyl -^alcohol-o nx ©r 1290,950 yap. ^di 1c r ©7 ./ns 

coVa.oqaoo g giziTrEthyl r alcohol car 1 ©03^549/710, o ag add 7c Yql<a73n& 
Sw.j 7? j. v no osqlsopropyl alcohol Byd&c806 /330 l.oo qo %,c t Jiccqce’X'ioo 
jca+'Uo’X odd 7c aoroescq odd soil gnidinc^'i rfBaSiOj dcon <xj doeleh 
As in appendix B, -q is expressed as a linear function of 
^the mixtufe parameter 5 l/^^7 gf thus -i't c is r r? exact <for "Mxtures .of 
~£SfSL&U!&-2£i fJi a»*T3SLaSC.vf4?i 

X f. b r 7”t <*rr» 

■ isopropyl 

alcohols are used. 

c 3 

0^9 -r — <-<0 -•— *- , , 7-7 

The gravimetric lower enthalpy of* combust! on of the vapor 


mixture -ho 4 ' may then be written as 

'ec ndS. OCx £0^ at ehlB m& lo v< 


sleas 


XClsddce adcr ,8 °00TC 

<eq nyS OcS^C'S* zl s ela drigl^r «dr- ^qi.ox/c'cs soj t oixdoo 7o 
x te q ueE u-h c J d r, c= 20/7447-3. - ^4 - 1 - '699W 2 x- elfl.07lf ff ns. + oo do (*34)i 
e« ; .-.-:i-oo lo idg^Gj ■mliwilon: qxTT™ go 1 a ddyi’S eui cacd 'tGxao% =.Ioa 
£fda BIX Gc3i»a‘TGo5 fwtf'5' ai. 03’oyjDO‘xq ©xnr to vqledorae odd £3S i>U ax 

* ,Frcm ( eauation a ( 15) ., the ? increase,,in .fuel-air,, ratio for„,the . , 

standard hydrocarbon fuel « f f J Vnf r , 1 due. to, a .defect ^in r heat release -is„ 

" i-tdlx. -'J iuO .jvl. Ui v A 1 © v cSs-^a.ur 3 , 

377 717 

odT lo d (jl-ntfbM 20/744 g- J- ■ -- 6 99W 2 c-7,a’l 07 W3)- ^xtT 
n.oxdCiicfciC’j.ti 1 o b • ••Bad ‘xsooJ or£j io ap./iT^ao-^&g a as LesBCvqxo aJjasd^ygy 


-ewdtoo iJl aul "Sonirf e ?a 31 sxjjgXd aX Dednq 
nevXg ©10 emy -• 


■j CSJ CBS'S vlsitl XfO, ^X)CX)lt" 

0.175 A+B 


jC,7.©j;-,-J-o c fivrtw 'mLsieiror ^la-i^OO c- . 

8«r s Jxsoo tfrid oM rc? i*Y£l xiagoit'^a me. 4 ej 

<, e 9j«“£ol a _ fono3 i « I-iyido -xol Bdab cl eone'is'zen mcfl sx-iad s-io^ 

^Saonl'ff. «- J The ig lower ( helat of e c^buslTiQn : of 'gaseoias' ammoniet’ -li<? d' 

is evaluated to be 8000 Btu per pound at. a pressure, of 1 atmosphere 

. vj.jB c y jjT3^ 5-\o_3.'i. o' ■!_ j 5 ^qdaajnc. ©dor to •. 

^ujac^q' u^xi P { £lox fSisuLSoz °ic tfcGd isv/Oi o hi zc 3cGO’x©q 1 isode 

v.Cm lo oaJ’h;- rear ' ©«;-c5a:aiI do QiiX&v Xso^lf'cla, > e.a v .71 sorrya ixs o j 

From .equation ( 15 ) . the, .Increase , in .fuel-air ratio for the . , 

standard hydrocarbon fuel f « due to a defect 1 in heat release' is 

aaoaeoe iitk fqi^idae os' ^aous’cq ©0 j on ^f'dxd’o-q xil / nsgo'a^ii 

Xs nogc vfevii do noide jdncoo lo revol odd 7c i r oi<so"3q d 00' -7 lo 

S£i« lo \tlhi licv Xs'jancag add ^ellv doc 1.1 h 1 a isqacq ■xsdaM Gdd 

> no r dan" -os 


Tjjto el dnB.i'OB&’i ad.V A 
© toI p j:if yrcqpvS’ srold 
‘00 , e8Hjire:2 -ioI 


Tp ca.v ooqtgo ^slnojs^s 
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APPENDIX D 

STOICHIOMETRIC POEL-AER RATIO WITH DILUENT ADDITION 

The stoichiometric fuel-air ratio of a mixture containing com- 
bustible diluents is found by determining the net amount of oxygen 
available to the hydrocarbon fuel after complete oxidation of the 
combustible diluents. 

The gross amount of oxygen available in the air is 
0.23186 pound per pound of air. 

The oxygen consumed by combustion of the alcohol in the water - 
alcohol mixture is 

TT 

Oxygen required for combustion of ammonia is 

nTofe lb / lb 811 

The addition of oxygen Itself supplies 

d lb/lb air 

The oxygen required for combustion of the hydrocarbon fuel is 

f /l6m 32 V v/iv , 

1-Htt y2.016 + 12. oy lb / lb air 

The net amount of oxygen available to the hydrocarbon fuel 
after diluent combustion determines the magnitude of the stoichio- 
metric fuel-air ratio, inasmuch as the mass of oxygen required for 
stoichiometric combustion is equal to the mass of oxygen available 
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Figure 1. - Fuel -air ratio f for ideal constant-pressure 
combustion aa function of initial temperature, f t = KmKfcK w f 

(A 15- by 20-in. print of this figure is attached.) 
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Figure 2. - Fuel-air ratio f for ideal constant -pres sure 

combustion as function of combustion temperature, f = ' * 

(A 15- by 20-in. print of this figure is attached.) 
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Figure 4 



- Water-alcohol mixture parameter as function of mixture composition by weight 
(An 11- by 17-in print of this figure is attached ) 


Combustion tamper a ture 



Figure 5 - Fuel-air ratio increment if for addition of water-alcohol mixture to fuel-air mixture 

df o K^(f" + Bgf " + 8 3 f" + 6 h f n ) (A 11- by 13-in print of this figure is attached ) 
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(1-T) d ) Increase in chart fuel-air ratio, f"^ 

Figure 10, - Fuel-air-ratio increment Af due to incomplete combustion of ammonia, Af = Kg^f"^ 
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Figure 11 - Fuel-alr-ratlo increment Af for addition of saturated liquid 

carbon dioxide to fuel-air mixture. Af = KmKjjf. 
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Figure 12. - Fuel-air-ratio increment Af for addition of 
liquid nitrogen to fuel-air mixture. Af * I^K^f". 
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Figure 13. - Fuel -air-ratio increment Af for addition of liquid oxy- 
gen to fuel-air mixture Af & E^K^f 
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Figure 14. - Fuel -air -ratio Increment Af for vork addition by compres 
sor to diluent-air mixture. Af a 
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Figure 15 - Stoichiometric fuel-air ratio for hydrocarbon fuel-air mixture vith diluent 

addition (A 11- by 11-in print of thie figure ie attached ) 
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Figure 16. - Enthalpy difference between products and reactants as 
percentage of lower heat of combustion. 



